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&RPSDUHGZLWKPLGGOHDQGVPDOO VL]HGVSKHULFDO WDQN ODUJHVFDOHVSKHULFDO WDQNKDV IROORZLQJIHDWXUHVKHDY\
ZHLJKW JUHDW GLIILFXOW\ RI HUURU FRQWURO GXULQJPDQXIDFWXULQJ DQG ODUJHU H[SDQVLYH FDSDFLW\ZKHQ KHDWHG 7KRVH
PD\FDXVHH[FHVVLYHVWUHVVLQVSKHULFDOWDQNGXULQJKHDWWUHDWPHQW,QRUGHUWRHQVXUHWKHVDIHW\RIWKHVSKHULFDOWDQN
GXULQJ WKHZKROHERG\KHDW WUHDWPHQW VRPH OLWHUDWXUH>@ VXJJHVWV WKDW GXULQJKHDW WUHDWPHQW WKHGLVSODFHPHQWRI







7KH VWXGLHV RQ WKH GLVSODFHPHQW DGMXVWPHQW VFKHPH RI FROXPQ EDVHVZHUH FDUULHG RXW LQ WKLV SDSHU WDNLQJ D
P VSKHULFDO WDQN IRU H[DPSOH FRQVLGHULQJ WKH XQHYHQ JUDYLW\ ORDG RQ VXSSRUW FROXPQV FDXVHG E\
PDQXIDFWXULQJDQGVHWWLQJHUURUVDQGWHPSHUDWXUHGLIIHUHQFHORDGGXULQJKHDWWUHDWPHQW
)LQLWHHOHPHQWPRGHO
2.1. Geometric model and finite element mesh 















JUDYLW\ ORDGRQVRPHRQHRI WKHPZKLFKPD\EHODUJHURUVPDOOHUWKDQWKHDYHUDJHJUDYLW\ ORDGLQ WKLVSDSHU7KH
PRGHORIWKHVSKHULFDOWDQNZDVVKRZQLQ)LJLQZKLFK6ROLGHOHPHQWZDVDGRSWHG7KHQXPEHURIJULG
OHYHOZDV LQ WKH WKLFNQHVVGLUHFWLRQRI WKH VSKHULFDO VKHOO DQG WKHJULGVZHUH UHILQHG DURXQG WKH FRQQHFWLRQRI
VXSSRUWFROXPQWRVSKHULFDOVKHOOZKHUHWKHH[FHVVLYHVWUHVVPD\DSSHDU
2.2. Load and boundary condition 
$VWKHERXQGDU\FRQGLWLRQRIVWUHVVFDOFXODWLRQWKHWHPSHUDWXUHILOHGRIWKHPVSKHULFDOWDQNGXULQJKHDW
WUHDWPHQW PXVW EH FDOFXODWHG SUHYLRXVO\>@ ,W ZDV DVVXPHG WKDW WKH WHPSHUDWXUH T RI KHDWLQJ JDV ZDV HYHQO\
GLVWULEXWHGLQVSKHULFDOWDQN,WLVFRQYHFWLRQKHDWWUDQVIHUEHWZHHQKHDWLQJJDVDQGLQQHUZDOORIWKHVSKHULFDOWDQN
7KHRXWHUZDOORI WKHVSKHULFDO WDQNLVFRYHUHGZLWKPPWKLFNLQVXODWLQJOD\HU7KHRXWHUZDOORI WKHLQVXODWLQJ
OD\HUFRQYHFWVZLWKWKHRXWVLGHJDVZLWKWHPSHUDWXUHT’ZKLFKGHWHUPLQHGE\ORFDOWHPSHUDWXUHZKHQKHDWWUHDWPHQW
FRQGXFWHG ,W LV UDGLDWLRQKHDW WUDQVIHU LQ WKHFRQILQHGVSDFHVXUURXQGHGE\VSKHULFDOVKHOOVXSSRUWFROXPQDQG8
EUDFNHW
%HIRUH WKH VWUHVV ILOHG FDOFXODWLQJ WKH LQVXODWLQJ OD\HU HOHPHQWV ZHUH GHOHWHG 7KH JUDYLW\ ORDG FDXVHG E\
LQVXODWLQJ OD\HU ZDV DSSOLHG RQ WKH VSKHULFDO VKHOO E\ PHDQV RI HTXLYDOHQW GHQVLW\ 7KH JUDYLW\ DFFHOHUDWLRQ LQ
YHUWLFDOGLUHFWLRQZDVVHWWRg’=agaWKHXQLIRUPLW\FRHIILFLHQWRIJUDYLW\ORDGVRQVXSSRUWFROXPQV0a˘iˈi=
WKHQXPEHURIVXSSRUWFROXPQVRIWKHVSKHULFDOWDQN7HPSHUDWXUHORDGZDVDSSOLHGE\UHDGLQJWKHUHVXOWDQWILOHRI
WHPSHUDWXUH ILHOG SUHYLRXVO\ FDOFXODWHG 7KH YHUWLFDO GLVSODFHPHQW RI WKH FROXPQ EDVH SODWH DQG WKH QRUPDO
GLVSODFHPHQWVRIWKHV\PPHWU\SODQHVRIWKHVSKHULFDOVKHOOZHUHFRQVWUDLQHG7KHUDGLDOHTXLYDOHQWIULFWLRQf’=bfb
WKHXQLIRUPLW\FRHIILFLHQWRIIULFWLRQRQWKHFROXPQEDVHSODWHb=afWKHPHDQUDGLDOIULFWLRQRQWKHFROXPQEDVH
SODWH ZKHQ WKH VSKHULFDO VKHOO H[SDQGHG DV WKH KHDW WUHDWPHQW WHPSHUDWXUH LQFUHDVHG f=mgȝ/i m WKH PDVV RI
VSKHULFDOWDQNDQGLQVXODWLQJOD\HUȝIULFWLRQFRHIILFLHQWEHWZHHQFROXPQEDVHSODWHDQGIRXQGDWLRQRIWKHVSKHULFDO
WDQN>@ZDVDSSOLHGRQWKHFROXPQEDVHSODWH
2.3. Material properties 
'XULQJKHDW WUHDWPHQW WKH WHPSHUDWXUHRI WKHVSKHULFDO WDQNFKDQJHVDQG WKHUHDOVRPD\EH ODUJH WHPSHUDWXUH
JUDGLHQW LQ VRPH ORFDO DUHDV7KH WKHUPRSK\VLFDO DQGPHFKDQLFDOSURSHUWLHVRI WKHPDLQPDWHULDORI WKH VSKHULFDO
WDQNLQGLIIHUHQWWHPSHUDWXUHVDUHOLVWHGLQWDEOH>@>@
7DEOH7KHUPRSK\VLFDODQGPHFKDQLFDOSURSHUWLHVRIWKHPDLQPDWHULDORIWKHVSKHULFDOWDQNLQGLIIHUHQWWHPSHUDWXUHV
0DWHULDOSURSHUWLHV ć ć ć ć ć
(ODVWLFPRGXOXVE˄03D˅     
3RLVVRQUDWLRQ      
7KHUPDOH[SDQVLRQFRHIILFLHQWĮPPć     
7KHUPDOFRQGXFWLYLW\Ȝ:Pć     
7KHVDIHW\UDQJHRIGLVSODFHPHQWRIFROXPQEDVHVDWGLIIHUHQWKHDWWUHDWPHQWWHPSHUDWXUH
$FFRUGLQJ WR OLWHUDWXUH>@ WKH GLVSODFHPHQW RI FROXPQ EDVH SODWHV ZDV UHFRPPHQG WR DGMXVW RQFH SHU ć
WHPSHUDWXUH FKDQJH ,Q WKLV SDSHU WKH HTXLYDOHQW IULFWLRQ f’ LQ UDGLDO GLUHFWLRQ DQG WKH JUDYLW\ DFFHOHUDWLRQg’ LQ
YHUWLFDOGLUHFWLRQFKDQJHGZLWKbDQGaZKLFKLQFUHDVHGIURP0WRVRPHDSSURSULDWHYDOXHZHUHDSSOLHGRQWKHILQLWH
HOHPHQWFDOFXODWLRQPRGHODW WKH IROORZLQJVL[KHDW WUHDWPHQW WHPSHUDWXUHSRLQWVRIćććć














RIPL+Pb+Q LQ WKHVSKHULFDO WDQNDQGWKHGLVSODFHPHQWVRIFROXPQEDVHVDW WKHDERYHKHDW WUHDWPHQW WHPSHUDWXUH
SRLQWVDUHVKRZQLQ)LJ7KHDOORZDEOHPLQLPDOGLVSODFHPHQWRIWKHFROXPQEDVH PLQtxU FDQEHREWDLQHGZKHQWKH
PD[LPXPYDOXHRIPL+Pb+Q HTXDOV WR WKHYDOXHRI  telR DW WKHKHDW WUHDWPHQW WHPSHUDWXUHSRLQW t7KHDOORZDEOH
PD[LPXPGLVSODFHPHQWRI WKHFROXPQEDVH PD[txU FDQEHREWDLQHGZKHQb 7KHVSKHULFDO WDQN LVVDIHZKHQ WKH
GLVSODFHPHQWRIWKHFROXPQEDVHLVEHWZHHQ PLQtxU DQG PD[txU DWWKHKHDWWUHDWPHQWWHPSHUDWXUHt
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)URP)LJWKHVDIHW\UDQJHVRIWKHGLVSODFHPHQWVRIWKHFROXPQEDVHDWDERYHKHDWWUHDWPHQWWHPSHUDWXUHSRLQWV
DUH DV IROORZV ć  xU  aPP˗ ć  xU  aPP˗ ć  xU  aPP˗
ć xU  aPP˗ć xU  aPP˗ć xU  aPP ,W FDQ EH IRXQG
WKDW WKHUHDUHQRRYHUO\DUHDV IRU WKH WZRVDIHW\ UDQJHVDW WKHDGMDFHQWKHDW WUHDWPHQW WHPSHUDWXUHSRLQWVRI tDQG
tIURPt ćQDPHO\ PD[txU ˘ PLQtxU  ZKLFKPHDQVWKDWDGMXVWLQJWKHGLVSODFHPHQWRIWKHFROXPQEDVHV
RQFHSHUćWHPSHUDWXUHFKDQJHDVOLWHUDWXUH>@VXJJHVWHGLVPRVWOLNHO\WREHXQVDIHIRUWKHVSKHULFDOWDQN)RU






7KH DGMXVWPHQW VFKHPHV RI GLIIHUHQW FROXPQ EDVHV DUH GLIIHUHQW GXH WR WKH GLIIHUHQFH RI UDGLDO HTXLYDOHQW
IULFWLRQVRQ WKHFROXPQEDVHSODWHVZKHQ WKH VSKHULFDO VKHOO H[SDQGVDV WKHKHDW WUHDWPHQW WHPSHUDWXUH LQFUHDVHV
7KH UDGLDO HTXLYDOHQW IULFWLRQ RQ WKH VSHFLILHG FROXPQ EDVH SODWH GHWHUPLQHG E\ WKH YDOXH RI b XQLIRUPLW\




VKRZQ LQ)LJ 7KH DOORZDEOHPD[LPXPYDOXHV RIb FDQEHREWDLQHGZKHQ WKHPD[LPXPYDOXHV RIPL+Pb+Q 
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KHDW WUHDWPHQW WHPSHUDWXUH SRLQW RI ć DUWLILFLDOO\ZKHQ b˘ WKH GLVSODFHPHQW RI WKH FROXPQ EDVH
VKRXOG EH DGMXVWHG IURP WKH KHDW WUHDWPHQW WHPSHUDWXUH SRLQW RI ć DUWLILFLDOO\ ZKHQ b˘ WKH
GLVSODFHPHQWRIWKHFROXPQEDVHVKRXOGEHDGMXVWHGIURPWKHKHDWWUHDWPHQWWHPSHUDWXUHSRLQWRIćDUWLILFLDOO\
ZKHQb˘ WKHGLVSODFHPHQW RI WKH FROXPQEDVH VKRXOGEH DGMXVWHG IURP WKH KHDW WUHDWPHQW WHPSHUDWXUH








      
b˘ ²
b˘ ²  
b˘ ²   
b˘ ²    
b˘ ²     
b˘ ²      
b˘       

7KH UHODWLRQVKLS EHWZHHQ WKH GLVSODFHPHQW RI WKH FROXPQ EDVH DQG WKH YDOXH RI b DW WKH KHDW WUHDWPHQW
WHPSHUDWXUH SRLQW RI ć FDOFXODWHG E\ XVLQJ ILQLWH HOHPHQW DUH VKRZQ LQ 7DEOH  7KH YDOXHV RI b FDQ EH
REWDLQHGE\FKHFNLQJ7DEOHDFFRUGLQJ WR WKHUHVXOWVRIPHDVXUHPHQWRQ WKHGLVSODFHPHQWVRI WKHFROXPQEDVHV
ZKHQWKHKHDWWUHDWPHQWWHPSHUDWXUHLVćRQVLWH
7DEOH7KHUHODWLRQVKLSEHWZHHQWKHGLVSODFHPHQWRIWKHFROXPQEDVHDQGWKHYDOXHRIEDWWKHKHDWWUHDWPHQWWHPSHUDWXUHSRLQWRIć
7KHYDOXHRIb       
'LVSODFHPHQWRIWKHFROXPQ
EDVHPP       
7KHYDOXHRIb       
'LVSODFHPHQWRIWKHFROXPQ
EDVHPP       
7KHYDOXHRIb       
'LVSODFHPHQWRIWKHFROXPQ
EDVHPP       




VDIHW\ UDQJHV DW WKH DGMDFHQW KHDW WUHDWPHQW WHPSHUDWXUH SRLQWV QDPHO\ PD[txU ˚ PLQtxU   PD[txU ˚ PLQtxU  ZKHQ
tćZKLFKPHDQV WKDW WKH VDIHW\RI WKHVSKHULFDO WDQNFDQEHJXDUDQWHHG WRDFHUWDLQH[WHQWGXULQJ WKHKHDW
WUHDWPHQWDVORQJDVDGMXVWLQJWKHGLVSODFHPHQWRIWKHFROXPQEDVHWR PD[txU DWWKHKHDWWUHDWPHQWWHPSHUDWXUHSRLQW
RI tZKHQWKHWHPSHUDWXUHLQFUHDVHVIURPWKHKHDWWUHDWPHQWWHPSHUDWXUHSRLQWRI t WR ttZKHQ tć
%XWWKHXQVDIHW\PD\H[LVWIRUWKHYDOXHVRIbFRUUHVSRQGLQJWRWKHYDOXHVRI PLQtxU ZKLFKDUHVKRZQLQ7DEOH
DUHPRVWOLNHO\QRWHTXDOWRWKHYDOXHVPHDVXUHGRQVLWH)RUH[DPSOHWKHGLVSODFHPHQWRIWKHFROXPQEDVHVKRXOG
EH DGMXVWHG WR PD[xU DUWLILFLDOO\ DW WKH KHDW WUHDWPHQW WHPSHUDWXUH SRLQW RI ć LI b0  PHDVXUHG RQ VLWH
DFFRUGLQJ WR7DEOHEXW WKHYDOXHRIb FRUUHVSRQGLQJ WR WKHYDOXHRI PLQxU LVQRWHTXDO WRb0 VRDV WR WKH
VSKHULFDOWDQNPD\EHQRWVDIHZLWKWKHERXQGDU\FRQGLWLRQDVIROORZVGLVSODFHPHQWRI PD[xU RIWKHFROXPQEDVH







xU  PLQxU  PLQxU  PLQxU  PLQxU  PLQxU  PLQxU  PLQxU  PLQxU 
b        

)RUWKHFDVHDERYHWKHSUHOLPLQDU\VFKHPHLQ7DEOHVKRXOGEHFKHFNHG$FFRUGLQJWR7DEOHWKHGLVSODFHPHQW
RI WKHFROXPQEDVHVKRXOGEHDGMXVWHGWR PD[txU ZKHQbib˘bjDW WKHKHDW WUHDWPHQW WHPSHUDWXUHSRLQWRIt7KH
FKHFNLQJ ERXQGDU\ FRQGLWLRQV DUH DV IROORZV aWKH WHPSHUDWXUH ILOHG FDOFXODWHG SUHYLRXVO\ DW WKH KHDW WUHDWPHQW
WHPSHUDWXUHSRLQWRIt tnt tnZKHQ tćn «tćbWKHGLVSODFHPHQWRIWKH
FROXPQ EDVH PD[t nxU   PD[t nxU  ZKHQ tć cWKH JUDYLW\ DFFHOHUDWLRQ LQ YHUWLFDO GLUHFWLRQ g’=ajgaj=bj 7KH
UHVXOWVRIFKHFNLQJZHUHOLVWHGLQ7DEOH±
7DEOH7KHUHVXOWVRIFKHFNLQJZKHQE
+HDWWUHDWPHQWWHPSHUDWXUHSRLQWtć 0D[LPXPYDOXHRI3/3E403D $OORZDEOHVWUHVV03D 5HVXOW
   3DVVHG
   3DVVHG

7DEOH7KHUHVXOWVRIFKHFNLQJZKHQE
+HDWWUHDWPHQWWHPSHUDWXUHSRLQWtԨ 0D[LPXPYDOXHRI3/3E403D $OORZDEOHVWUHVV03D 5HVXOW
   3DVVHG
   3DVVHG
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7DEOH7KHUHVXOWVRIFKHFNLQJZKHQE
+HDWWUHDWPHQWWHPSHUDWXUHSRLQWtԨ 0D[LPXPYDOXHRI3/3E403D $OORZDEOHVWUHVV03D 5HVXOW
   3DVVHG
   3DVVHG
   3DVVHG
   3DVVHG

7DEOH7KHUHVXOWVRIFKHFNLQJZKHQE
+HDWWUHDWPHQWWHPSHUDWXUHSRLQWtԨ 0D[LPXPYDOXHRI3/3E403D $OORZDEOHVWUHVV03D 5HVXOW
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